We isolated Xenopus HGF cDNA and examined its expression pattern in Xenopus early embryos and their dissected parts. Xenopus HGF consists of 710 amino acids and contains four kringle domains and serine protease-like structure just like mammalian HGF. Northern blot analysis showed that expression of Xenopus HGF mRNA starts at the late gastrula stage and its level increases during the period of later embryogenesis. Dissection experiments revealed that Xenopus HGF mRNA is expressed in the mesoderm region, especially in the ventral mesoderm, which for the most part gives rise to mesenchymal cells. Furthermore, HGF mRNA was expressed in response to activin A and basic FGF in blastula animal cap cells. Interestingly, a stronger activity was observed with bFGF than with activin and this finding corroborates the preferential expression of HGF mRNA in the ventral mesoderm. Based on these results, we conclude that the Xenopus homologue of HGF gene is transcribed during early embryogenesis preferentially in ventral mesodermal tissues, probably in response to the signals that induce ventral mesoderm.
Introduction
The histogenesis of embryos is mainly controlled through cell-cell interactions. One of such interactions is the epithelial-mesenchymal interaction which has been studied extensively in avian (Deuchar, 1975; Takiguchi et al., 1988) and mammalian (Sakakura et al., 1976; Wessels, 1977; Nogawa and Mizuno, 1981; Saxen and Sariola, 1987) tissue formation. Also, in developing systems, it has often been shown that embryonic epithelial cells do not undergo normal development without mesenchymal signals (Wessels, 1977; Sawer and Fallon, 1983) . Thus, the necessity of mesenchyme in such interactions have been shown in the development of skin (Dhouailly et al., 1987; Hardy et al., 1983; Jahoda and Oliver, 1984) , kidney (Saxen and Sariola, 1987) (Wessels, 1977) , salivary gland (Nogawa et al., 1981) , mammary gland (Sakakura et al., 1976; Bissell and Hall, 1987) and digestive system (Takiguchi et al., 1988; Mizuno and Yasugi, 1990) . In most of the cases, necessary signals seem to be transmitted from mesenthyme to epithelia.
HGF is one of such signals produced in mesenchymal cells of various mammalian adult tissues (Zarnegar et al., 1990; Matsumoto et al., 1991b; Nakamura, 1992, Michalopoulos and Zarnegar, 1992; Sonnenberg et al., 1993) . Originally, HGF was found as a mitogen for adult rat hepatocytes in primary culture in the sera of the partial hepatectomized rats (Nakamura et al., 1984) and was purified from rat platelets (Nakamura et al., 1987) and human plasma (Zarnegar and Michalopoulos, 1989) . Later, HGF turned out to be a multifunctional growth factor (Vande Woude, 1992) . It stimulates the growth of various epithelial cells (Matsumoto et al., 1991a,c; Igawa et al., 1991), increases the motility of epithelial cells in monolayer culture as a scatter factor (Gerardi et al., 1990; Konishi et al., 1991; Weidner et al., 1991) , induces the tubular formation in Madin-Darby canine kidney (MDCK) cells (Montesano et al., 1991a,b) and causes secondary axis in chick embryos (Stern et al., 1990) . Furthermore, high affinity receptor for HGF, which is identical to the cellular oncogene product, c-met (Bottaro et al., 1991; Nardini et al., 1991; Higuchi et al., 1992) , was found to be expressed in various epithelial and endothelial cells. Thus, HGF appears to be excreted from mesenchymal cells and affects the epithelial cells in a paracrine fashion, thereby playing important roles for epithelial-mesenchymal interactions during development .
In spite of the expectation that HGF may play important roles also in early embryonic development, little study has so far been carried out on the possible roles of HGF in embryogenesis. Especially, in the field of amphibian embryogenesis, nearly no study has been carried out on the expression and functioning of HGF gene products.
However, in the present experiments, with a final goal to understand the roles of HGF in early embryonic development, we isolated the cDNA of Xenopus HGF and examined the temporal and regional pattern of its expression at mRNA level in Xenopus embryos. We report here that Xenopus HGF has essentially the same structural features as those of mammalian HGFs and that its mRNA is zygotically expressed in ventral mesoderm cells in early embryos. Furthermore, based on the studies with in vitro cultured blastula animal cap cells, we also demonstrate that mesoderm inducing factors such as activin and bFGF stimulate the expression of HGF mRNA in a very characteristic manner.
Results

Isolation and structural analysis of Xenopus HGF cDNA
Under low stringency conditions, a Xenopus tailbud cDNA library (Kondo et al., 1992) was screened using rat HGF cDNA as a probe (Tashiro et al., 1990) . The screening of 1 x lo6 recombinant phages yielded two positive clones, termed cXHG6 and cXHG7. The insert of cXHG7 was longer (2.3 kb) and was expected to contain a whole open reading frame. When sequenced, cXHG7 was found to contain 2130 bases encoding 710 amino acid residues, followed by 3 ' non-coding sequence. There was, however, no poly(A) signal sequence and poly(A) addition site in the 3 '-end of this cDNA clone. Therefore, cXHG7 did not seem to have complete 3 '-non coding region. Fig. 1 shows the nucleotide and deduced amino acid sequences of Xenopus HGF cloned here and Fig. 2 shows the alignment of amino acid sequences of Xenopus, rat (Tashiro et al., 1990 ) and human HGFs (Nakamura et al., 1989; Miyazawa et a1.,1989 ) for comparison. As is apparent in Fig. 2 , the amino acid sequence of Xenopus HGF was 18 residues shorter than those of the rat and human HGFs, and the difference is due to the shortening in the N-terminal region. In Xenopus HGF, the first 20 amino acid residues had hydrophobic side chains characteristic of a signal peptide, whereas rat and human counterparts had 32 residues in the corresponding region.
Deduced amino acid sequence of Xenopus HGF had approximately 70% of overall sequence identity with those of rat and human HGFs (Nakamura et al., 1989; Miyazawa et al., 1989; Tashiro et al., 1990) . As shown in Fig. 2 , secondary structure analysis of HGF predicts the presence of a hairpin loop structure and four kringle domains in the a-chain. The P-chain shows high homology to the catalytic domain of serine protease. However, all three residues which form the catalytic triad of serine protease are not conserved in Xenopus HGF as in rat and human HGFs. Thus, amino acids at 517, 562 and 657, which correspond to those of the active site of serine protease, changed from His to Glu, Asp to Asn and Ser to Tyr in Xenopus HGF as compared with those of active proteases. Therefore, Xenopus HGF seems to have no proteolytic activity. The sequence at the cleavage site between the 01 and 0 subunits is and this is identical to those of rat and human HGFs. Based on these results, we concluded that the cXHG7 cDNA clone obtained here represents the Xenopus homologue of HGF.
The expression of Xenopus HGF mRNA during early embryonic development
We examined the temporal pattern of the expression of HGF mRNA in Xenopus embryogenesis by Northern blot hybridization with total RNAs (each 8 pg) from embryos at various stages using the 1.6-kb EcoRI fragment of Xenopus HGF cDNA as a probe. As shown in Fig. 3 , two signals (approximately 6 kb and 10 kb) were detected, of which the 6-kb component was comparable to HGF mRNA reported to occur in rat (Tashiro et al., 1990 ) and human tissues (Nakamura et al., 1989 ). We The last nucleotide of each line is also numbered. Each kringle domain is marked and the putative cleavage site and serine protease active sites are indicated by an arrow with a letter 0 and boxes, respectively. assumed here that the IO-kb signal was due to hybridization to a trace amount of contaminated genome DNA, since it was eliminated by DNase treatment. In later stages, a faint 8-kb signal was also detected (Fig. 3) but this was not reproducible and was regarded as representing residual cross hybridization to other RNAs.
HGF mRNA was not detected in unfertilized eggs and in embryos from cleavage through mid-gastrula stages (Fig. 3) . Also, HGF mRNA was not detected in ovary RNA (data not shown). Therefore, this mRNA does not occur as a maternal RNA. Instead, the 6-kb HGF mRNA first appeared at the late gastrula stage and its amount rapidly increased until the neurula stage, then decreased slightly at the tailbud stage. It is known that mesoderm induction takes place at the blastula stage and the induced mesodermal tissues start to exhibit their characteristic structures and functions from the gastrula stage on (Smith et al., 1985; Gurdon et al., 1989) . Therefore, in Xenopus, it appears that HGF mRNA starts to be expressed zygotically not at the mesoderm induction but after the mesoderm induction, probably along with the progression of mesodermal tissue formation.
Tissue-specij?c expression of Xenopus HGF mRNA
To study if there is the tissue-specific expression of 1234 5 6 7 8 910 HGF mRNA, we dissected tailbud embryos into six different regions (head structure, ventral ectomesoderm, ventral endoderm, somite, notochord and neural tube) and tested the occurrence of HGF mRNA again by Northern blot analysis. Since we unified here the amount of the analyzed RNA at 6 rg per lane, the signal to be obtained represents the 'concentration' of HGF mRNA per unit amount of rRNA, rather than the amount per unit mass (or wet weight) of tissue. As shown in Fig. 4 (top), we detected a prominent level of the expression of HGF mRNA in the ventral ectomesoderm. However, we obtained only a low level of the mRNA in the head structure which contained various mesodermal tissues like head mesoderm and somite, and practically no mRNA in notochord, neural tube and ventral endoderm (Fig. 4, top) . We further separated the ventral ectomesoderm into ectoderm and mesoderm and analyzed the occurrence of HGF mRNA. The result showed that HGF mRNA occurs in mesoderm but not in ectoderm (Fig. 4, bottom) . These results show that at the tailbud stage, HGF mRNA expression takes place mainly in the ventral mesoderm which later forms typical mesenchymal cells and the expression in the constructive and dorsal mesodermal tissues, such as somite and notochord, is much lower. 
Induction of HGF mRNA expression in in vitro cultured conjugates of animal cap and vegetal cells
To test if HGF mRNA expression is dependent on mesoderm induction, we first examined the HGF mRNA expressed in the conjugates of animal cap and vegetal cells which were isolated from blastulae. When animal cap and vegetal cells were cultured separately for 12 h, no muscle actin mRNA was detected in both of the cell aggregates (Fig. 5) . On the other hand, the muscle actin mRNA was strongly expressed in the conjugates. These results indicate that mesoderm induction took place only in the conjugates as expected (Dale and Slack, 1987; Gurdon, 1987; Gurdon et al., 1989) . Under these conditions, HGF mRNA was found to be intensely expressed in the conjugates, although no HGF mRNA was detected in the culture of animal cap cells alone. Unexpectedly, however, we found a very low level of HGF mRNA in vegetal cells.
It is possible to suspect here that a small amount of marginal zone cells, which by themselves form mesoderm structures, might have contaminated the vegetal cells used in this assay. However, since actin mRNA was not expressed in the vegetal cells (Fig. 5 ) the contamination is not likely. The apparent inconsistency that vegetal cells expressed HGF mRNA weakly without expressing muscle actin mRNA may have been due to the difference in the mechanism of expression between HGF and muscle actin genes. Numbers in the figure correspond to those of lanes shown in the lower panels. The embryo pieces obtained were head structure (number 2). ventral ectomesoderm (numbers 3 and 9), ventral endoderm (number 4), neural tube (number 5), notochord (number 6) and somite (number 7). Ventral ectomesoderm was separated into ectoderm (number 10) and mesoderm (number 1 I). As controls, whole embryo RNAs were loaded (numbers I and 8) Anyway, the results in Fig. 5 clearly show that the expression of a substantially high level of HGF mRNA in animal cap cells is induced through mesodermal induction by vegetal cells.
Induction of HGF mRNA in animal cap cells by activin A and bFGF
We next tested the HGF mRNA expression in animal cap cells cultured in the presence of various concentrations (1 @ml to 50 @ml) of activin A or bFGF. In non-treated animal cap cells, HGF mRNA was not expressed even after 12 h of culture, when the sibling embryos reached the late neurula stage (Fig. 6 ). When activin was tested, HGF mRNA was expressed at a low level at 1 @ml and at a moderately increased level at 10 and 50 @ml. However, the level of the expression of HGF mRNA did not increase when the dosage of activin was elevated from 10 ngml to 50 q/ml, in spite of the fact that the expression of actin mRNA increased in a dose-response manner from 1 @ml to 50 q/ml. By a sharp contrast, when bFGF was tested, HGF mRNA expression took place constantly at very high levels, irrespective of the dosage. As a consequence, the lower the dosage used, the more the difference in the HGF mRNA induction between bFGF and activin A.
It has been reported that bFGF induces ventral mesoderm irrespective of the difference in the dosage (Kimelman and Kirschner, 1987; Slack and Isaacs, 1989; Thomsen et al., 1990; Shiurba et al., 1991) . albeit that animal cap (A) Vegetable Pole (V) Fig. 5 . HGF mRNA expression in the conjugates of animal caps and vegetal cells. Animal caps and vegetal cells of midblastulae were isolated and these were cultured for 12 h, either separately or after being conjugated. In the left panel, approximately 6 pg of total RNA from three samples was hybridized with the cDNA of Xenopus HGF [upper] or of Xenopus cardiac actin [lower] . In the right panel, 28s and 18s rRNAs are shown as in Fig. 3 . activin induces both ventral (at low dosage) and dorsal (at high dosage) mesoderm (Green and Smith, 1990; Asashima et al., 1991) . Then, it is quite interesting that HGF mRNA is constantly expressed much more strongly with bFGF than with activin. These results strongly suggest that HGF mRNA expression may be more closely related to the induction of ventral mesodermal tissues than to the induction of dorsal mesodermal ones, which corroborates with the above finding that HGF mRNA is preferentially expressed in ventral mesoderm.
Discussion
Mammalian HGFs are composed of (Y and @ chains and possess structural features of the serine protease family, containing four kringle domains (Nakamura et al., 1989; Miyazawa et al., 1989; Tashiro et al., 1990) . We cloned a cDNA (cXHG7) for Xenopus homologue of HGF and showed that it is highly homologous (approximately 70%) to rat and human HGFs. The Xenopus clone has a low but significant identity (approximately 40%) also to human and mouse HGF-like proteins Han et al., 1991) and human plasminogen (Petersen et al., 1990) , all of which have kringle domains and serine protease-like structure.
In the present experiments, we clearly demonstrated that Xenopus HGF mRNA is not maternal in nature but starts to be expressed at the late gastrula stage during development and that its expression is localized in the ventral mesoderm in early tailbud embryos. Furthermore, by in vitro culture experiments, we found that HGF mRNA expression can be induced in animal cap cells by exposing them to activin or bFGF. The interesting finding here was that HGF mRNA is expressed very strongly by a relatively low dose of bFGF rather than by a high dose of activin.
In amphibians, mesodetm is known to be formed from the cells at the equatorial region of blastulae as the result of inductive effects from vegetal cells (Nieuwkoop, 1969 , for reviews see Smith, 1989; Whitman and Melton, 1989) . It has been also reported that while activin induces dorsal-anterial mesoderm, bFGF induces ventral-posterial mesoderm (Kimelman and Kirschner, 1987; Slack and Isaacs, 1989; Thomsen et al., 1990; Green et al.; Shiurba et al., 1991; Asashima et al., 1991) . It is assumed, therefore, that in Xenopus embryos, bFGF induces lateral plate mesoderm and, in this connection, it is interesting that the amount of bFGF is reportedly larger in the cells at the marginal zone than in the vegetal cells at morula and blastula stages (Shiurba et al., 1991) . Since HGF mRNA is expressed at the ventral mesoderm and is quite strongly induced by bFGF, we expect that HGF may be expressed in the cells derived from the lower marginal zone and have stronger response to bFGF. If so, it follows that HGF could be a good molecular marker of ventral mesoderm or, hopefully, of mesenchymal tissues.
Although rat and human HGFs are known to have various activities on epithelial cells, the function of Xenopus HGF in vivo is not known yet. Since HGF is a multifunctional growth factor which acts not only as mitogen but also as morphogen as well as motogen or 'scatter factor' (Vande Woude, 1992) , it would also have several important roles in Xenopus embryogenesis. It may be possible that Xenopus HGF stimulates mitosis of embryonic cells and that HGF stimulates movement and migration of Xenopus embryonic cells in various formative movements during development. It may also be possible that Xenopus HGF may have several roles in differentiation of cells undergoing various morphogenetic processes. In this connection, it has been suggested that HGF may take part in anterior-posterior axis formation and possibly in neural induction, since transplantation of purified HGF-conjugated ion exchange beads or HGF producing MRC-5 cells into chick embryos caused second axis formation (Stern et al., 1991) .
Experimental procedures
Animals and reagents
Xenopus laevis adults were purchased from Nisseizai Co. Ltd. (Japan). Radionucleotides and cDNA synthesis kit were purchased from Amersham. Recombinant human activin A was generously supplied by Dr. Eto, and purified bovine bFGF was purchased from Collaborative Biomedical. These growth factors were kept stored at -70°C in PBS containing 5% BSA and were added to 50% Steinberg media at appropriate dilutions when induction experiments were carried out.
Isolation and characterization of cDNA clones
The cDNA library was constructed with poly(A)+-RNA extracted from tailbud stage embryos (Kondo et al., 1992) . Under low stringency conditions, the library was screened using 1.4-kb EcoRI fragment derived from the rat HGF cDNA (Tashiro et al., 1990 ) as a probe. Positive clones (cXHG6 and cXHG7) obtained were subcloned into pBluescript. The inserts of the plasmids were characterized by restriction mapping and sequencing according to the standard procedures (Sambrooks et al., 1989) .
Dissection of Xenopus embryonic tissues
Embryos were obtained from Xenopus laevis adult frogs by chorionic gonadtrophin-induced egg-laying and in vitro fertilization using standard protocols (Shiokawa and Yamana, 1967) . The dorsal and ventral pieces of the stage 21 embryo were separated by using forceps after being incubated in 1 mg/ml collagenase-containing Steinberg's solution for 20 min. Embryo pieces were transferred to enzyme-free Steinberg's solution and, if necessary, further separated into different parts with needles or hair-loop as indicated in the legend to the experiment.
Animal cap cells and vegetal cells were dissected from midblastulae (stage 8) by using fine forceps. The vegetal cells used in this experiment were cells at the vegetal half of the embryo from which the marginal zone was eliminated. These explants were cultured with or without various concentrations of activin A and bFGF in 50% Steinberg's solution at 21°C for 12 h.
RNA blot hybridization analysis
RNAs were extracted from embryos at various stages or from dissected pieces of embryos obtained as above by acid guanidium thiocyanate/phenol-chloroform (AGPC) extraction method (Chomczynski and Sacchi, 1987) . RNAs were separated on 4% formaldehyde/l .2% agarose gel, transferred to Hybond N+ nylon membranes (Amersham) in 10 x SSPE, fixed by a 2-h baking at 80°C and hybridized with random-primed 32P-labeled cXHG7 EcoRI fragment (1.6 kb; constituting the 3'-half of the cDNA) as a probe. The filter was exposed to X-ray film for 2 days at -80°C using an intensifying screen.
